Introduction
The discovery of acriflavine as an antibacterial by Browning led to the use of proflavine and acriflavine as wound antibacterials during World War I 1 and to the introduction of the less toxic aminacrine (9-aminoacridine) in the 1940s. 2 Structure-activity relationships based on physicochemical properties linked antibacterial activity with the degree of cationic ionization of the aminoacridine base together with the planar area of the acridine chromophore. 3 Nucleic acids are now known to be the sites of action of aminoacridines in bacteria, 4 as the planar area of the tricyclic acridine nucleus is ideally suited to intercalation between nucleotide base pairs in the helix. Although aminacrine, etc. were superseded by thelactam antibiotics, there remains considerable medicinal interest in aminoacridines.
The photosensitizing effect of several commercially available acridine dyes (acridine orange, acridine yellow, etc.) is well established, and photoactivation of intercalated acridines is known to cause oxidative nucleic acid damage. 5 Given the high bacterial selectivity of aminoacridines, and because the use of such compounds as photobactericides has received scant attention, we have investigated the potential photobactericidal behaviour of a range of bactericidal aminoacridines against commonly encountered strains of both Gram-positive and Gram-negative bacteria.
Materials and methods
Proflavine and acridine orange were purchased from Aldrich (Gillingham, UK) and were recrystallized from methanol containing hydrochloric acid to yield the hydrochloride salts. The preparation of 9-aminoacridines followed previously published methods. [6] [7] [8] Recrystallization from ethanol gave aminoacridines which were pure by thin-layer chromatography and proton magnetic resonance spectroscopy. Melting point data for the free bases were identical to those given in the literature.
Light source
An Exal light box, giving a light fluence of 1.7 mW/cm 2 , was used, the fluence being measured with a Skye SKP 200 light meter (Skye Instruments Ltd Llandrindod Wells, Powys, UK). A 1 h illumination period using this source thus gave a total light dose of 6.3 J/cm 2 . In addition, the output of the light source included a strong band at 400-450 nm, coinciding with the maximum wavelengths of the aminoacridines. 6 Varying light dose studies were not included, as it was desired to establish merely whether or not the aminoacridines were photobactericidal, rather than to maximize any photobactericidal effect. 
Bacterial cell culture
6 cfu/mL using a surface count on horse blood agar. 9 A range of doubling dilutions of each aminoacridine (0-1000 M) was placed in 270 L aliquots in flat-bottomed microtitre plates and 30 L of bacterial culture were added to each well. Illumination of the cultures, both with and without aminoacridines, was carried out at this stage. The microtitre trays were then incubated for 24 h at 37°C, aerobically in the dark. From each well showing inhibition of growth, 1 L was subcultured on 5% (v/v) defibrinated horse blood agar. These plates were incubated for 24 h at 37°C, aerobically. Minimum lethal drug concentrations (MLC) were determined as the lowest concentration at which bacterial growth was not detected. The five organisms were tested against each of the photosensitizers in duplicate and each experiment was replicated four times. Where any variability occurred, the experiments were repeated to ensure an absolute value for the cited MLC with n 8.
Results and discussion
Bacterial samples that were incubated without drug showed normal growth with or without illumination, showing that the light source on its own had no toxic effect.
Each of the aminoacridines employed has a high degree of positive ionization and sufficient planar surface area for DNA intercalation. 3 This may imply that in both the Gram-positive and Gram-negative strains, the aminoacridine mode of action involves interruption of nucleic acid replication and repair. 4 The generally lower activities against the Gram-negative strains could be ascribed to the different cell wall structures of these organisms.
Phototoxicity
On low-power irradiation of the drugs in bacterial culture using a total light dose of 6.3 J/cm 2 , many of the acridines exhibited marked increases in activity against both the Gram-positive and Gram-negative strains (Table II) . Surprisingly, these increases were not limited to the known photosensitizers, acridine orange and proflavine. Thus, for 9-amino-3-chloroacridine the MLC against S. aureus decreased 50-fold on illumination, and 3,9-diamino-7-ethoxyacridine (DAEA, Table I ) exhibited increased antibacterial activity on illumination against four of the five organisms tested. Such behaviour is promising in view of the wide commercial use of this particular compound (Rivanol; Bayer) as a topical anti-infective.
The considerable increases in bactericidal activity on illumination of the aminoacridines (Table II) are indicative of DNA photodamage, as has been reported previously. 5 The compounds closely related to 9-aminoacridine (AA, ACMA, AMA and ACA, Table I ) presumably bind to bacterial nucleic acid and cause the production of radical species in situ. The established photosensitizers (AO and PF) are reportedly more photoactive, 5 producing higher yields of radical species, including the diffusable cytotoxin singlet oxygen, and consequently cause greater The antibacterial aminoacridines and related commercial photosensitizing dyes are known, through past clinical experience, to be non-toxic to humans at low concentrations. Thus, wound antisepsis has been achieved routinely, for example, using aminacrine at a concentration of 4 mM. 10 In the present work, aminacrine and its congeners were bactericidal at sub-millimolar levels, as expected, but were photobactericidal at the micromolar level. These data imply that photoactiviated aminoacridines have clinical potential and warrant further investigation both in terms of their photoactivities and their effect on bacterial growth kinetics. 
